Lagrangian mean motion induced by a growing baroclinic wave is discussed, based on the solution of Eady type problem of baroclinic instability including non-geostrophic effect. It is shown that to the leading order of Rossby number, the Lagrangian mean meridional motion is convergent toward the center of the channel.
Introduction
In Hadley cell induced by strong convective motions in ITCZ, while the polar one is also Hadley-type circulation associated with the subsidence of cold air mass, although the secondary effects of cyclone waves may be superposed on these circulations. Anyhow, this is the Eulerian mean picture of the tropospheric general circulation. However, these flow patterns, especially, the mid-latitudinal indirect circulation does not show the actual trajectories of ensemble of air particles in a mean meridional plane. It is then interesting to ask how air particles move as baroclinic waves grow. This problem may be also connected with large-scale circulation and diffusion of atmospheric constituents, although the difference of motion of each particle from that of ensemblemean should be emphasized. So far, except for a few numerical experiments (e.g., Kida, 1977) , the Lagrangian mean picture of atmospheric general circulation seems not to have been drawn.
On the other hand, since QB0*-model by Holton (1968, 1972 ) and SSWmodel by Matsuno (1971) , the theory of planetary wave-zonal flow interaction has been developed energetically, and Lagrangian mean motion of air particles caused by waves has been discussed, in order to study how waves accelerate mean zonal flow or equivalently how waves transfer momentum in a material medium (Bretherton, 1969 (Bretherton, , 1979 Uryu, 1974 a, b; Andrews and McIntyre, 1976, 1978 etc.) . Concerning the Lagrangian mean meridional circulation, Uryu (1.974b) has shown that a vertically propagating planetary wave packet cannot induce such a circulation because of cancellation between the Eulerian mean vertical flow and the Stokes drift up to the first order of small parameter expressing the slowness of amplitude change. This result, however, does not hold in general, especially in case of internal gravity wave in a horizontal wave guide (McIntyre, 1973) and in case of wave with time-dependent amplitude (Andrews and McIntyre, 1978) . It should be noted here that as pointed out by Andrews and McIntyre (1978) in their general theory on Lagrangian mean motion, wave-induced Lagrangian mean flow field is divergent in general even in case of Boussinesq fluid. Based on these works, the present work is motivated to examine concretely the Lagrangian mean motions in case of growing Recently, Matsuno and Nakamura (1978) have proposed the Lagrangian mean picture on SSW, by assuming that a basic zonal flow varies from westerly to easterly wind at a certain altitude (critical level) and that a stationary planetary wave is incident on the critical level. According to their picture, a strong Lagrangian mean northward flow is induced along the critical level and it is associated with converging vertical flow toward the level near the southern wall and diverging vertical flow near the northern wall. Thus, the Lagrangian mean meridional circulations are reversed below and above the critical level. It should be noticed that the lower one is completely reverse to the Eulerian mean circulation with upward flow to the north and downward flow to the south, which has been shown by Matsuno (1971) . It is due to the existence of critical level that the Lagrangian mean meridional circulation described above is induced in spite of stationary wave. That is, as mentioned by the authors based on the Lagrangian mean dynamics, the strong northward mass transport is attributed to the discontinuous change of radiation stress at the critical level. It is noted, however, that as is recognized by frequent use of word, `circulation', each Lagrangian mean velocity field appearing above and below the critical level is solenoidal because of stationary wave.
In the present paper, as will be shown later (Section 4), the Lagrangian mean meridional velocity field induced by a growing baroclinic wave is divergent, showing that air particles in the southern half region move northward and upward along almost horizontal trajectories, while in the northern half region they move southward and downward. This result means that baroclinic instability causes an almost horizontal overturning. In Lagrangian mean dynamical sense, such large latitudinal motions of air particles are attributed to Coriolis force balancing with, to the first order in Rossby number, a zonally directed force due to radiation stress caused by systematic correlation between pressure disturbance and latitudinal displacement of isentropic (equivalently, isopycnic, in Boussinesq fluid) surface. It is noted that a part of the departure flow from such a geostrophic-like balance can contribute to the change in Lagrangian mean zonal flow. Other various properties of Lagrangian mean flow field obtained will be mentioned in what follows. is an eigenvalue given as where p0 is pressure disturbance and *0 is vertical component of velocity perturbation. Suffix 0 indicates 0-order in Rossby number. U(z) and * are the basic zonal flow and its constant vertical shear respectively. f is constant Coriolis parameter at a reference latitude. *00 and N are mean density of the fluid and Brunt-Vaisala frequency which is assumed to be constant, respectively. *2h stands for horizontal Laplacian operator.
Eliminating *0 from eqs. (2-1) and (2-2), we have the following equation of potential vorticity conservation.
where U1 and U2 are the speeds of basic zonal flow at the bottom and the top respectively.
The well-known Eady's (1949) where p0* and A * are complex conjugates of p0 and A respectively, and Im ( ) means the imaginary part of quantity in the bracket. As is seen from (2-9), the buoyancy (heat) flux is constant in the vertical and negative (positive heat flux). This quantity plays a crucially important role in the second order Eulerian mean problem, as will be shown in the next section. That is, since the functional form of buoyancy flux divergence is sin2ly, a dipole-like buoyancy source and sink of the second order in wave amplitude is set up along the bottom and the top, to induce the second order mean meridional circulation.
The solutions obtains d above are of zero-order in Rossby number. As will be seen later (Section 4), the first order correction is required when we calculate the Lagrangian mean meridional velocity component.
Thus, we shall briefly review here the first order solutions of Eady type problem, based on the results by Derome and Dolph (1970) . A little more detailed discussion is mentioned in Appendix.
The first order equations can be written as follows. where p1 is the amplitude function of the first order pressure disturbances(1) and C1 is the first order correction to eigenvalue. Eq. (2-10) with boundary condition (2-11) forms the first order eigenvalue problem. We note here that Cl vanishes if instability condition (2-8) is satisfied (Derome and Dolph, 1970) . The eigensolution can be found by expanding p1 in Fourier series with the boundary condition at y = 0 and D in mind as follows;
where the detailed forms of Cm and Dm are given in Appendix and A and B are the constants appearing in (2-6).
Second order Eulerian mean flow
In this section, we shall examine the Eulerian mean flow induced by the second order effect of a growing baroclinic wave which has been obtained in the last section.
By averaging zonally the basic equations under quasi-geostrophic, quasi-hydrostatic and Boussinesq approximations, the following set of equations for zonal mean flows in Eulerian framework, to the second order in wave amplitude, is obtained;
It should be noted that in (3-1) the Reynolds stress term u0v0 identically vanishes because the phase difference between u0 and v0 is */2 in the present problem.
Thus, we omit this term in the following discussion. Further, the contribution of non-geostrophic terms such as u1v0 and uov1 can be also neglected in this problem.
The above set of equations is the same as that used by Uryu (1974b) , in order to study the second order mean flows induced by a vertically propagating Rossby wave packet.
In that case, the right-hand side of eq. (3-4) has been calculated from a wave packet solution, while in the present it is given by (2-9). It is noticed that in both cases, a wave is associated with negative buoyancy (positive heat) flux. Making use of (2-9), we can deduce the zonal mean potential vorticity equation from the above set of equations as follows; It should be noted here that xE satisfies the following equation.
If we solve eq. (3-17) with boundary condition that XE= 0 along the boundary walls, we can reproduce the solution (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) .
In what follows, in order to present the results numerically, we use the following values of parameters: f =10-4sec-1, N=10-2sec-1, *oo= 1.3*10-3gcm-3, D = 5*108cm, H106cm, U1= 0, U2= 3*103cmsec-1, * = 3*10-3 sec-1 (=30msec-1/10km), k= 1.26*10-8cm-1 (corresponding to wave length 5*103 km), l=0.63 * 10-8cm-1, C0r =1.5 *103cmsec-1, C0i= 6.46* 102cmsec-1 (corresponding to growth rate kCoi= 0.7 day-1), * =1.41 X 10-6 cm-1 and *p0 (0) I = 11.3 mb.
Further, in the presentation of the results, we omit time factor e2*C0it because we are concerned only with the flow structure, and fortunately time-integration is not required for our purpose.
In Fig. 1 , Eulerian mean meridional stream function is shown. This is essentially a continuous version of the meridional circulation obtained by Phillips (1954) using a two-layer model, though he considered the *-effect.
The flow pattern indicates the so-called 3-cell circulation. It should be, however, noted that two direct circulations near the vertical walls are induced as a result that buoyancy flux diminishes towards the walls as sin2ly, while the change in mean buoyancy is zero along the walls due to V = 0 there. In this sense, these direct circulations-especially, the southern one is essentially different from the Hadley circulation in the actual tropical atmosphere.
The indirect circulation in the central region of Fig. 1 is caused by the convergence (or divergence) of buoyancy flux along the bottom and the top, which sets up the second order mean buoyancy excess in the northern part and deficit in the southern part. As is seen from (3-14) or eq. (3-4), mean vertical motion W consists of the buoyancy flux part which is independent of height and the mean buoyancy (temperature) tendency part which becomes largest at the horizontal walls. These two parts counteract with each other, but the former is larger, apart from the bottom and the top. Thus, upward motion is induced to the north and downward motion to the south. Further, we note that it is confirmed by the so-called rotating annulus experiment that a baroclinic wave induces such an indirect circulation (Riehl and Fultz, 1957; Matsuwo et al., 1977) .
It should be remarked, however, that the Eulerian mean meridional circulations obtained above do not show mean motion of air particles projected onto a mean meridional plane.
Lagrangian mean motion
In this section, we shall discuss mean motion of air particles, i.e., Lagrangian mean motion, resulting from baroclinic instability.
(a) Concept o f Lagrangian mean
In the basic state, the trajectory of each particle is a straight line at a constant height, parallel to a latitudinal line so far as local Cartesian geometry is applied. When baroclinic instability occurs, individual air particles move in all directions, though horizontal movement is dominant, and each trajectory is deviated from a straight line by a growing wave. The position of each particle at any time or the trajectory could be described in principle in Lagrangian framework.
However, if a wave can be assumed to be of small amplitude, the following consideration leads to Lagrangian mean dynamics without handling complicated Lagrangian equations (cf. Bretherton, 1971; Andrews and McIntyre, 1978; Matsuno and Nakamura, 1978) . A straight line on which each particle moves in the basic state can be regarded as a material line (or tube), and motion of one member particle due to wave cannot be distinguished from that of other member particle if each particle is not `labeled' by its initial position on the line, i.e., initial phases. Thus, the mean motion of member particle A over a wave-length is same as that of member particle B, and also same as that obtained by averaging with respect to initial phases, i.e., labels, or equivalently by averaging over many member particles.
According to this consideration, the system of Lagrangian mean equations can be constructed, as done by Andrews and McIntyre (1978) , although their theory can describe more general situation than that mentioned above. However, in the present work, we shall proceed our discussions, based on the solutions obtained in Eulerian framework in the previous sections, as done by Uryu (1974b) and Matsuno and Nakamura (1978) .
The Lagrangian displacement of fluid particle due to wave motion can be connected to Eulerian perturbations, to the first order in wave amplitude, through the following kinematic relationships. We note here that *v in VL implies particle dispersion or mixing and it accompanies latitudinal buoyancy (heat) flux as is seen from the relationship to the leading order in Rossby number, where use is made of Eulerian perturbation equation of adiabatic motion (2-2) in which 1 / *00(*p0/ *z) and 1 / f *00(*p0/*x) are . replaced by -g*0/*002 and v0 respectively. In other words, meridional buoyancy flux consists of down-gradient transport f *0v0 and transverse-gradient transport N2*
The functional forms of VL and WL are written as follows;
(1) This fact is important when we parameterize eddy flux as 'eddy diffusion', because it is only the down-gradient transport term that shows a diffusive character, and the transverse-gradient transport term should be treated by being combined with wave-induced meridional circulation.
(see also section 5)
In Figs. 2(a, b, c) , the distribution of Lagrangian mean velocity components VL and WL are presented. Arrows in Fig. 2(c) indicate the direction and magnitude of mean velocity, though the vertical component is multiplied by 500. We see in these figures that baroclinic instability causes almost horizontal motions of air particles converging toward the central region of the channel, with slow downward motion in the northern half region and upward motion in the southern half region. It is noted that the usual intuitive explanation that baroclinic instability occurs when the tangent of particle trajectory projected onto a meridional plane is smaller than that of the basic isentropic surface (e.g., Green, 1960 ) is verified by Fig. 2(c) . The result mentioned above can be also confirmed from the functional form of *0v0/ *y which shows that to the leading order in Rossby number, air particles move southward (northward) in the northern (southern) half region. The converging meridional flow shows horizontal mixing of particles, and Coriolis force acting on this flow is balanced by a force due to radiation stress */*y [(p0/*00) (*0/*x)] (see subsection (e)). We note that Fig. 2(c) is qualitatively similar to the result obtained by Kida's numerical experiment (1977, Fig. 11 ) as far as the behaviors of tropospheric air particles are concerned, except a small difference that in the present case air particles move northward and upward in the southern half region, while in Kida's result upper tropospheric particles near 20°N move northward and downward. This difference may be attributed to the effect of the tropical Hadley circulation which is assumed in his experiment, but not included in the present theory. However, the qualitative similarity between two results is rather surprising, because Kida's result is obtained in a statistically steady state, while the present theory treats a growing baroclinic wave. At present, the reason for the similarity is not clear. It is conjectured that diffusive processes included in Kida's experiment may be of importance, because the symmetry between growing and decaying stages of a baroclinic wave may be broken by such processes.
Further, according to Riehl and Fultz (1957) who analysed the data obtained in rotating fluid annulus experiments, the distribution of mean vertical motion obtained by averaging along the `meandering' surface jet shows a similar pattern to Fig. 2(b) . Since the surface jet stream line can be regarded as an undulating material line in the steady wave regime, their averaging procedure is almost equivalent to the present Lagrangian mean, and hence the qualitative agreement between two results seem to be reasonable. It should be emphasized, however, that their result has been obtained in a steady state, while ours for a growing wave. Thus, the similarity of WL-distribution may be attributed to that of releasing process of available potential energy. The distribution of meridional velocity component VL in their result is considered not to be convergent as in Fig. 2(b) , though Riehl and Fultz have not shown it. As will be discussed in detail below, the convergence (divergence) is caused by unsteadiness of wave. The result of Riehl and Fultz should be explained, based on the solution of steady finite amplitude problem. Fig. 3(a) shows the distribution of velocity vectors constructed from VL(2) and WL*500. This is the flow field of the second order in Rossby number. It is noticed that in the upper layer air particles move southward, while northward in the lower layer. Except near the bottom (top), the horizontal motion in the second order dependence of wave amplitude (cf. Andrews and McIntyre, 1978) . It is further noted that the major part of the horizontal motion (*/*z)*0v0 seen in Fig. 3 is not responsible to the acceleration of Lagrangian mean zonal flow, because as will be discussed in subsection (e) the horizontal motion due to (*/*z) *0v0 is a consequence of balance between Coriolis force and a force caused by radiation stress* (c) Divergent property of Lagrangian mean velocity field As is seen from Figs. 2(c) and 3, in spite of Boussinesq assumption, the Lagrangian mean meridional velocity field is not solenoidal not only to the leading order but also to the second order in Rossby number. Andrews and McIntyre (1978) have shown that the Lagrangian mean velocity field is generally divergent (or convergent). In the present case, the latitudinal component of Stokes drifts includes VL(1) (= *0v0/ *y) which is the largest among various components, and the convergence in the leading order field is due to this term, i.e., Further, even in the second order field, the divergence appears as shown in Fig. 3(a) . This can be confirmed again by the following equation. field is attributed to a part of Stokes drift * /*z(*0v0), because as is shown in Fig. 3(b) the second order mixing terms (*/*y)*0v1 and (*/*y) *1v0 almost cancel out each other, and the residual is reduced by Eulerian mean velocity V. We note here that even in the second order velocity field the convergence or divergence is seen. As will be discussed in the next subsection, such a divergent property of Lagrangian mean flow field not only in the first but also in the second order in Rossby number is caused by timewhere we have made use of the kinematic relations (4-2) and (4-3) and the solenoidality of Eulerian mean meridional velocity field (3-5). Dotted lines in Fig. 3(a) present the distribution of the right-hand side of eq. (4-13). It is found that in the main body of the fluid layer a quadrupole-like sink-source appears, while weak dipoles near the vertical walls. As is seen from eqs. (4-12) and (4-13), the divergent behavior of Lagrangian mean meridional velocity field is due to time-dependence of wave amplitude. In case of stationary wave, the right-hand sides of these equations vanish, i.e., the velocity field is solenoidal (cf. Matsuno and Nakamura, 1978) .
Comparing with Eulerian mean picture, we consider here the reason why the divergence of Lagrangian mean velocity field appears.
Boussinesq or incompressibility assumption requires that the density of a fluid particle must conserve during its motion. As is well known, this condition is given by Jacobian determinant, eq. (4-15') can be rewritten as follows;
Eulerian mean value of any quantity is specified by an average of the quantity along a latitudinal line (at a constant height) which was identical with a material line in the basic state but now merely `geometrical' one. For any particle or at any position on this line, eq. (4-14) must hold if the fluid is incompressible. Therefore, the averaged velocity along this line, i.e., Eulerian mean velocity must also be solenoidal.
On the other hand, in Lagrangian mean specification, we concern an average with respect to particles on a material line which is now undulated by wave. Thus, as already mentioned, any physical quantity carried by a particle must be evaluated not at its original position (x, y, z) but at its displaced position (X, Y, Z) = (x +* , y+*, z+*). Therefore, incompressibility condition must be expressed in terms of velocity at (X, Y, Z); where U, V and W are velocity components at (X, Y, Z). Making use of the following relationship Thus, averaging (4-15") in terms of particle label x and taking account of U=UL, V = Vl., and W =W L, we see that Lagrangian mean velocity field is generally divergent. ('2) In practice, when wave is of small amplitude, we can expand U, V and W near (x, y, z) as follows;
where the assumption that the basic zonal flow is of linear profile in the vertical and homogeneous in y-direction is relaxed.
Substituting (4-17) and (X, Y, Z)= (x+*, y+*, z+*) into (4-15"), averaging the result with respect to x, Lagrangian mean continuity equation is deduced, to 2nd order in wave amplitude, after somewhat tedious manipulation, as follows; (cf., Tomotika, 1940) , we can rewrite eq. (4-15) in a form of referred to the original position (x, y, z);
In the above expressions, J(P, Q, R) = *(P, Q, R)/ a (x, y, z), and especially J(X, Y, Z) is the Jacobian determinant of the mapping (x, y, z)* (X, Y, Z).
Eq. (4-15') (or equivalently (4-15)) means that Lagrangian time derivative of J(X, Y, Z) is zero. (1) Then, considering (X, Y, Z)=(x +*, y+*,z+*) and making use of the property of where we have made use of the kinematic relationships (4-1) to (4-3) and solenoidality of Lagrangian displacement to 1st order in wave amplitude. Eq. (4-18) is the same as that obtained by operating divergence operator (in a meridional plane) to VL and WL, i.e., (4-12) and (4-13). It is no paradox that in spite of Boussinesq assumption Lagrangian mean velocity field is divergent. We concern the (Lagrangian) mean state associated with (Lagrangian) mean trajectories around which actual trajectories of particles are fluctuating, and hence eq. (4-18) states that incompressibility condition cannot be satisfied along mean trajectories unless the second order effect of fluctuations of individual paths is included. In other words, a mean cross-sectional area of an undulating material tube projected onto a meridional plane is not constant along a mean trajectory. We note here that such a divergent property of Lagrangian mean velocity field is caused by time-dependence of wave amplitude.
The derivation procedure of eq. (4-18) is straightforward but somewhat tedious. An elegant proof has been given by Andrews and McIntyre (1978) . They have introduced a `mean flow density'(1) which is defined by *(X, Y, Z) J(X, Y, Z) in our notation and have proved that the mean flow density satisfies Lagrangian mean analogue of Eulerian mass conservation equation, and also that in the Boussinesq limit, eq. (4-18) holds (see also Footnote on p. 11). (d) Solenoidal part o f Lagrangian mean velocity field As is seen from eqs. (4-12) and (4-13) or (4-18), the sink-source terms of the divergence of Lagrangian mean velocity field are originated from the mixing terms such as (*/*y)*0v0, (0/*y) *1v0 and so on. Then, eliminating these terms from VL and WL, we can take out the solenoidal part of Lagrangian mean velocity field as follows.
1>
The mean flow density is utterly different from the Lagrangian mean density *L, which is defined as *L = *+(*/*y) * in the present case. * L is conserved along the Lagrangian mean trajectory determined by (VL, WL) under adiabatic condition (Andrews and McIntyre, 1978; Nakamura, 1978 (3-17) and making use of (4-9), we obtain equation for xL*;
where the last form of the right-hand side is derived by using geostrophic relation between *0 and v0. In order to compare this with equation for XE, we rewrite eq. (3-17) by making, use of (4-9);
It is noticed that, as seen from the second form of the right-hand side of eq. (4-22), the source term for XL* is originated from the distributions of force due to radiation stress, while the Eulerian mean meridional circulation is induced by the buoyancy flux as shown by eq. (3-17) .
In case of stationary wave, *0v0 identically vanishes, and eq. (4-22) becomes same as that derived by Matsuno and Nakamura (1978) . In such a case, xL* is exactly equal to the Lagrangian mean meridional stream function. Further, we note that if there is no critical line in case of stationary wave, the right-hand side of eq. (4-22) is identically zero because the buoyancy flux (and therefore *0v0) is independent of height (e.g., Eliassen and Palm, 1961) , and consequently the Lagrangian mean meridional circulation is not induced by stationary wave (Uryu, 1974b; Matsuno and Nakamura, 1978, etc.) . This is the verification of the so-called C-D theorem (Charney and Drazin, 1961 ) that a conservative stationary wave cannot change the second order zonal mean field unless there is a critical line, from Lagrangian mean dynamical view point. When there is a critical line somewhere in the fluid layer, as has been shown by Matsuno and Nakamura (1978) , radiation stress (*0*0/0x) or buoyancy flux (g/*00)*0v0 changes discontinuously there, and hence the source term of eq. (4-22) shows a distribution like (d/dz)*(z), to induce the Lagrangian mean meridional circulation.
In the present case, as already mentioned above, XL* does not show exactly the Lagrangian mean velocity field, but gives the solenoidal part of it. The distribution of XL* is presented in Fig. 4 . In this figure, we see that the solenoidal part of Lagrangian mean velocity field is somewhat similar to the Eulerian mean meridional circulation (Fig. 1) . The direct circulations appear near the vertical walls, while the indirect circulation covers almost entire region. The former are mainly caused by the Eulerian mean motion and the latter reflects large horizontal Stokes drifts which are directed to south in the upper layer and to north in the lower. It is noted that, according to Matsuno and Nakamura (1978, Fig. 5 in the paper), when a stationary wave is incident on a critical line, a similar pattern to Fig. 4 is obtained above the critical line. This is because a critical line absorbs a wave and hence has an effect on the wave like a dissipation which plays a role similar to growing-in-time behavior of wave as far as linear friction law acts on (e.g., Andrews and McIntyre, 1976; Boyd, 1976) . The present result is attributed to the elimination of the mixing terms from the components of Stokes drift. Further, we note that different from the case of stationary wave as discussed by Matsuno and Nakamura (1978) , the distribution of acceleration of Lagrangian mean zonal flow has not an exact correspondence to Fig. 4 , because (*/*z)*0v0 cannot contribute to the change in mean zonal motion (see subsection (e)).
(e) Acceleration of Lagrangian mean zonal flow Lagrangian mean zonal flow UL can be written, to the second order in wave amplitude, as (1) where higher order terms in Rossby number are omitted.
Making use of geostrophic relationship between u0 and *0 and (4-2'), we obtain the functional form of Stokes drift US as follows; Thus, since U>C0r in the upper layer, US is positive in the central region of the channel and negative near the vertical walls, while in the lower layer (U<C0r), the distribution of US is reversed. This result means that the Lagrangian mean zonal flow has a jet-like profile between the vertical walls. A similar phenomenon occurs even in case of stationary wave. As is well known in water waves, fluid particles move in the direction of wave propagation, while Eulerian mean flow vanishes (cf. Phillips, 1968) . The present result is essentially similar to this.
As is seen from time-differentiation of US, the distribution of *Us/*t is similar to that of US. On the other hand, the acceleration of Eulerian mean zonal flow *U/*t is negative (positive) in the upper (lower) layer in the central region due to the indirect meridional circulation, while near the vertical walls it is reversed due to the direct circulations (see Fig. 1 ). Thus, *U/*t and * Us/*t counteract with each other. The functional form of *UL/*t is written as follows;
(1) Basic zonal flow is not included in this expression. "Actual" Lagrangian mean zonal flow is obtained by adding U to (4-23). (see (4-4)) In the right part, the latitudinal distributions of *UL/*t, *Us/*t and *U/*t at two representative levels are shown. Andrews and McIntyre (1978) under more general consideration.
The right-hand side is the divergence of radiation stress. In the present case, eq. (4-26) is simplified as and in Fig. 5 , the distribution of *UL/*t is shown.
It is seen from this figure that the acceleration of US overcomes that of U. Thus, the direction of acceleration of mean zonal flow in Lagrangian mean sense is completely reverse to that in Eulerian mean. We consider here the origin of force which accelerates fluid particles in the zonal direction. Averaging the first of (4-17) with respect to where the last form is derived by using geostrophic relation between *0 and v0. Eq. (4-27) means that, to the leading order in Rossby number, Coriolis force acting on latitudinal mixing motion is balanced with a force due to a part of radiation stress which is caused by systematic correlation between pressure disturbance and latitudinally undulating material surface. As is seen from eq. (4-12), the second order (in wave amplitude) mass source is set up near the vertical walls and sink in the central region of the channel, as a consequence of the development of baroclinic wave. Then, the force due to a part of radiation stress */*y(*0/ *00' * /*x) counteracts Coriolis force acting on the meridional flow from the source to the sink so as to restore the mean zonal flow to geostrophic balance.
Thus, to the leading order in Rossby number, the change in mean zonal flow does not occur.
In other words, the leading order Stokes drift (*/*y)*0v0 which shows large horizontal mixing of particles does not contribute to the acceleration of mean zonal flow, as already mentioned in subsection (b).
To the second order in Rossby number, we have the following equation from eq. (4-26).
By considering that eq. (4-28) is reduced to states that Coriolis forces acting on meridional flows *(*1v0/*y) and *(*0v0/*z) are balanced with forces due to the first order radiation stresses */*y[ (*0/*00) (*1/*x)] and * /*z[(*0/*00) (*0/*x) ],r espectively. Since */ * y is a part of the first order latitudinal mixing, the first equation of (4-29) is a correction term to the leading order balance equation . The direction of the force */*y[ (*0/*00) (*1/*x) ] is westward in the central region and eastward near the vertical walls in the lower layer, while in the upper layer it is reversed (see Fig. 3(b) ).
It should be noted here that in the present problem, different from the case of stationary wave incident on a critical level treated by Matsuno and Nakamura (1978) , force */*z [(*0/*00)(*0/*x)] does not include the buoyancy flux term; in fact, making use of eq. (4-9), we can obtain that Since *0v0 is independent of height in the present case, it follows that Thus, the force is determined only by the particle mixing term. *02 attains a maximum value at the mid-level and decreases toward the top and the bottom, and hence */*z[(*0/*00) (*0/*x)] is negative (directed westward) in the lower layer and positive (directed eastward) in the upper layer. On the other hand, in case of stationary wave, *02/*t is zero and therefore */*z(*0/*00 *0/*x ] is determined by buoyancy flux which varies discontinuously at a critical level. Thus, if a wave is incident on the critical level from below, a net westward force acts on the fluid above the level, and a strong northward Stokes drift is induced there, on which Coriolis force acts to balance with the westward force (Matsuno and Nakamura, 1978) .
Eq. (4-30) shows that among various components of radiation stress and Stokes drift, only * /*y[(*l/*00) (*0/*x)] and (*/*y)*0v1 can contribute to changing the Lagrangian mean zonal flow. As already seen in Fig. 5 , except near the vertical walls, *Us/*t is almost cancelled by but slightly larger than *u/*t in magnitude. According to eq. (4-30), this means that Coriolis force is almost in balance with force due to radiation stress */*y[ (*1/*00) (*0/*x) ] but the former is slightly larger than the latter. Thus, the direction of *UL/*t is reverse to that of * U/*t.
In other words, the force due to radiation stress */*y[(*1/*00)(*0/*x)]
is not a cause of the zonal flow acceleration but plays a role of a kind of restoring force. This result can be attributed to the fact that there appears the divergence in Lagrangian mean flow field even in the first order in Rossby number. As is shown in Fig. 6 which presents the distribution of velocity vectors (v+(*/*y)*0v1, Wl* 500), there are northward flows from source to sink in the upper layer of the central region, while southward flows in the lower layer. It is Coriolis force acting on these flows that causes the eastward (westward) acceleration in the upper (lower) layer in the central region.
The above discussions emphasize the role of It is noted that there appear not only Lagrangian mean pressure gradient (1/*00)/(*L/*y) but also force due to radiation stress */*y[(*0/*00)(*0/*y)]. As is seen from the functional forms of Stokes correction to pressure (*/*y) *0*0 and radiation stress term, the Lagrangian mean pressure gradient increases in the upper layer of the central region, reflecting the particle mixing, while force due to radiation stress counteracts 5. Eddy diffusivity due to baroclinic wave Based on the results mentioned so far, we can estimate the so-called eddy diffusivities due to baroclinic wave. Since the dispersion of air particles is given by (*/*t) ½,*2(=*v) in the latitudinal direction and that by (*/*t)½*2(=*) in the vertical, we write eddy diffusivities KH and KV as follows. It should be emphasized that, as already mentioned (see section 4 and foot-note on p. 8), latitudinal buoyancy (heat) flux consists of downgradient transport term **0*0* and transverse-gradient transport term N2*0v0*.
In other words, we should not relate the buoyancy (heat) flux straightforwardly with transport due to the particle mixing *0v0*.
If done so, such an estimation will include an error of about 20*, which could be neglected practically (cf. Green, 1970) .
Conclusions
In the present paper, using the solutions of Eady type problem of baroclinic instability including non-geostrophic effects, we have discussed the Lagrangian mean motion induced by a growing baroclinic wave. The results are summarized as follows.
A baroclinically unstable wave induces, as its second order effect in wave amplitude, the Lagrangian mean meridional motion associated with strong southward (northward) flows and weak downward (upward) flows in the northern (southern) half region of the fluid layer ( Fig.  2(a, b, c) ). This means that, as is well known, baroclinic instability causes an almost horizontal overturning of the fluid layer. The present results agree qualitatively well with that by Kida's numerical experiment (1977) concerning the behaviors of tropospheric air particles, except for the effect of the tropical Hadley circulation and of the radiative cooling. However, the reason for the radiative cooling. However, the reason for the agreement is not clear at present. Further, we note that our results also agree with that by Riehl and Fultz (1958) in a rotating fluid annulus experiment, so far as the distribution of Lagrangian mean vertical motion is concerned.
The Lagrangian mean meridional motion can be decomposed into two parts by ordering in Rossby number. To the leading order, the meridional component of Lagrangian mean velocity is given by large horizontal Stokes drift (*/*y) ,*0v0 which means particle mixing or dispersion. To the second order, air particles move downward near the northern wall and upward near the southern one, while they move southward in the upper layer and northward in the lower layer in the central region of the fluid layer, except weak reverse flows near the top and the bottom (Fig. 2(c) and 3) .
It should be noted that even in case of incompressible fluid, the Lagrangian mean velocity field is divergent not only to the leading order but also to the second order in Rossby number. This divergence is originated predominantly from horizontal mixing term (=(*/*y) *0v0) including non-geostrophic effect and a little from a part of transverse-gradient transport term (=(*/*t) * ). The divergent property may be attributed to the second order effect of fluctuation of each actual trajectory around the mean trajectory.
If we eliminate horizontal mixing term and a part of transverse-gradient transport from Stokes drifts, we can obtain the solenoidal part of Lagrangian mean velocity field (Fig. 4) . This residual circulation is somewhat similar to the Eulerian mean meridional circulation, and may be regarded as an equivalence to the meridional circulation induced by a dissipating planetary wave.
Concerning the acceleration of Lagrangian mean zonal flow, it is noted that only a part of the second order field can be responsible to the change in mean zonal motion, and emphasized that the direction of the acceleration is reverse to that of force due to radiation stress. For instance, in the upper layer in the central region of the fluid layer, the mean zonal flow is accelerated eastward while in the lower layer it is accelerated westward. This Lagrangian mean picture is completely reversed to that of the Eulerian mean. The above result can be attributed to the divergent property of Lagrangian mean flow; Coriolis force acting on a part of the meridional flow from the wave-induced mass source to the sink causes the zonal flow acceleration, while the force due to radiation stress produced by systematic correlation between non-geostrophic pressure disturbance and geostrophic component of latitudinal displacement of material surface plays a role of a kind of restoring force (see eq. (4-26')). In other words, Lagrangian mean pressure gradient increases, for example, in the upper layer of the central region, and northward flow is induced. On this flow, Coriolis force acts, to accelerate the mean zonal flow.
Based on the present results, we can estimate the so-called eddy diffusivity due to baroclinic wave. Under the assumed condition which can be regarded as a typical cyclone, we obtain that KH = 9.6*109cm2/sec and Kv = 8.1*103cm2/ sec, which are in agreement with those usually used, at least, in their order of magnitude.
Finally, we point out that latitudinal buoyancy (heat) flux consists of two parts, i.e., downgradient transport *0v0* and transversegradient transport N2*0v0.
The latter is about 20* of the former in magnitude. If one should relate the buoyancy (heat) flux straightforwardly with the down-gradient transport (or particle mixing) term, one might overestimate the flux about 20*.
The effect of *-term including the so-called critical level instability will be discussed in the next paper in preparation.
